Objective: To assess the variation in hospitals' approaches to intraoperative fluid management and their association with postoperative recovery. Background: Despite increasing interest in goal-directed, restricted-volume fluid administration for major surgery, there remains little consensus on optimal strategies, due to the lack of institution-level studies of resuscitation practices. Methods: Among 64 hospitals in a state-wide surgical collaborative, we profiled fluid administration practices during 8404 intestinal resections, 22,854 hysterectomies, and 1471 abdominopelvic endovascular procedures. We computed intraoperative fluid balance, accounting for patient morphometry, crystalloid, colloid, blood products, urine, blood loss, duration, and approach. We stratified hospitals by average fluid balance quartile, and compared patterns across disciplines and associations with risk-adjusted postoperative length of stay (pLOS). Results: There was wide variation in fluid balance between hospitals (P < 0.001, all procedures), but significant within-hospital correlation across operations (Pearson rho: intestinal-hysterectomy ¼ 0.50, intestinal-endovascular ¼ 0.36, hysterectomy-endovascular ¼ 0.54, all P < 0.05). Highest fluid balance hospitals had significantly longer adjusted pLOS than lowest balance hospitals for intestinal resection (6.5 vs 5.7 d, P < 0.001) and hysterectomy (1.9 vs 1.7 d, P < 0.001), but not endovascular (2.1 vs 2.3 d, P ¼ 0.69). Riskadjusted complication rates were not associated with fluid balance rankings. Conclusions: Hospitals' approaches to intraoperative fluid administration vary widely, and their practice patterns are pervasive across disparate procedures. High fluid balance hospitals have 12% to 14% longer risk-adjusted pLOS for visceral abdominal surgery, independent of patient complexity and complications. These findings are consistent with evidence that isovolemic resuscitation in enhanced recovery protocols accelerates recovery of bowel function.
W ith the emergence of enhanced recovery protocols and fasttrack discharge pathways after major surgery, [1] [2] [3] there is increasing scrutiny of postoperative length of stay (pLOS) [4] [5] [6] [7] and time to recovery. 8, 9 Increasingly, traditional perioperative care practices, including preoperative fasting, confinement to bed, nasogastric intubation, and narcotic analgesia, have been implicated in delayed recovery from major abdominal surgery. 2 Likewise, many proponents of enhanced recovery practices have cited hypervolemic crystalloid resuscitation as a cause of delayed return of bowel function, postoperative ileus, and prolonged hospitalization after a variety of operations. [10] [11] [12] In most settings, however, decisions about the volume of intraoperative fluid administered remain largely in the control of anesthesia providers who lack specific clinical guidelines and suffer from a scarcity of evidence to guide their practice. [13] [14] [15] As a result, their fluid administration volumes during otherwise similar procedures can vary 4-fold. 15, 16 In the past, fluid administration strategies were derived from beliefs about basal fluid requirement, insensible losses, and third space fluid distribution. However, all of these principles have been questioned by more recent physiologic studies. 13, 17 Randomized trials of conservative versus liberal fluid administration after surgery have varied widely in their definitions for high and low volume, and in their methodology, and, as a result, have produced conflicting findings about the relationship between fluid volume and postoperative outcomes. 11,14,18 -21 In observational studies with analyses at the patient level, there is an association between fluid administration volume and pLOS and ileus in colorectal surgery. 22, 23 But it remains unclear whether these outcomes, and the differences in fluid volume, are driven more by differences in patient characteristics and intraoperative events or by true differences in the approach to fluid balance.
To better evaluate the role of intraoperative fluid administration practices on time to postoperative recovery in real-world practice, we evaluated hospital-level patterns in fluid balance, accounting for the patient and procedural factors that typically guide anesthesiologists' treatment decisions. Rather than focusing on difference in fluid received by individual patients, which may reflect operative severity more than practice pattern, we examined hospitals' average intraoperative fluid administration, which more reflects their approach to fluid management practices. We hypothesized that these practices would vary significantly between hospitals, and that, because intraoperative decisions are made largely by anesthesiologists, these practice patterns would extend across varied operations. Thus, we examined variation in intraoperative fluid administration between hospitals participating in a state-wide surgical collaborative, and assessed the relationship between fluid practices and postoperative recovery and clinical outcomes across 3 diverse surgical specialties.
METHODS

Setting
This is a retrospective cohort study from the Michigan Surgical Quality Collaborative (MSQC), a voluntary network of 64 hospitals that collect data on surgical patients for the purpose of quality improvement. 24, 25 The MSQC is funded by Blue Cross Blue Shield of Michigan, a private, not-for-profit insurance company.
Although Blue Cross Blue Shield provides financial support for the project, they are not involved in the policy recommendations that are developed within the collaborative. MSQC hospitals are predominantly community hospitals. Each participating hospital employs at least 1 trained Surgical Clinical Quality Reviewer to prospectively collect data on general, gynecologic, and vascular surgery patients, their operations, and 30-day outcomes. Patient selection uses an algorithm designed to minimize selection bias. MSQC data collection is Institutional Review Board exempt, and the current study was performed with University of Michigan Institutional Review Board review, from a limited data set derived from the MSQC database.
Patients and Procedures
We included all patients who underwent 1 of 3 categories of operations under general anesthesia between July 1, 2012 We excluded open abdominal vascular operations due to the limited sample size of hospitals performing adequate numbers of these operations within the database. We excluded outpatient cases and intraoperative deaths, as they were not eligible for the primary outcome.
Measures
The primary outcome variable was the pLOS, defined from the calendar day of surgery to the day of discharge. Secondary outcomes included the occurrence within 30 days of surgery of any of the following validated postoperative clinical conditions recorded in the MSQC database (surgical site infection, pneumonia, unplanned intubation, venous thromboembolism, acute renal insufficiency or failure, urinary tract infection, cardiac arrhythmia, myocardial infarction, blood transfusion, sepsis, or death), emergency department visit, unplanned hospital readmission, intensive care unit admission, or unplanned reoperation, and also composite measures of overall morbidity (any of the complications) and serious morbidity (complications other than renal insufficiency, superficial surgical site infection, and urinary tract infection).
The primary predictor of interest for this study was the hospital-level average intraoperative fluid balance for each type of surgery. Intraoperative fluid, colloid, and blood product administration is recorded in the MSQC database, according to the volumes recorded in the intraoperative anesthesia record. This record is either electronic or hand-written, depending on the institution. For each individual operation, we computed a normalized fluid balance according to a clinically derived formula 26, 27 that accounted for physiologically relevant potentially patient and procedural characteristics, including weight, insensitive fluid loss due to operative time and exposure, and blood loss: While the specific inputs and calculation may be subject to dispute, we were focused on between hospital differences, so the uniform application of the formula makes these uncertainties less important here. Further, because we were primarily interested in the effect of institutional practice patterns, rather than patient characteristics, on fluid administration, we analyzed fluid balance at the hospital level. Average fluid balance for each hospital was then computed as the arithmetic mean of the normalized balance of each of the operations performed in the hospital during the study period.
Statistical Analyses
We evaluated the relationships between fluid balance and patient and procedural characteristics using Kruskal-Wallis analysis of variance on ranks. We constructed caterpillar charts to display variation in scores across hospital for each individual operation, then compared hospital-level correlations in fluid balance across operations using Pearson rank correlation coefficients, and displayed the associations with fitted scatter plots.
To compare hospital characteristics and clinical outcomes according to fluid administration practices, we then ranked and grouped hospitals into 4 evenly-sized quartiles by average normalized fluid balance by operation. There were 64 hospitals eligible for analysis of intestinal resections, 63 hospitals for hysterectomy, and 45 hospitals for endovascular procedures. We compared hospital characteristics and outcomes across quartiles using Kruskal-Wallis tests. Outcomes were risk-adjusted according to the following patient and procedural characteristics: age, sex, race, insurance, body mass index, American Society of Anesthesiologists (ASA) physical status classification, alcohol use, smoking, procedure, operative approach, and number of comorbidities (diabetes mellitus, ventilator dependence, dyspnea before current illness, COPD, pneumonia, ascites, cirrhosis, congestive heart failure within 30 days before surgery, history of cardiac dysrhythmias requiring treatment, hypertension, history of peripheral vascular disease, currently requiring or on dialysis, UTI, disseminated cancer, HIV/AIDS, open wound, use of steroids/immunosuppressive medications for a chronic condition, >10% loss of body weight in the 6 months before surgery). Length of stay for patients who died during index hospitalization was treated as time from operation to death, because the time to death among mortalities was no different across any of the fluid group comparisons, and there was no difference in the main findings in a sensitivity analysis in which we excluded deaths from length of stay analyses.
RESULTS
Patient and Procedural Characteristics and Intraoperative Fluid Balance
We identified 8404 intestinal resections, 22,849 hysterectomies, and 1471 abdominal endovascular procedures eligible for analysis during the study period. Fluid balance was normalized, according to the method described above. The average fluid balance and standard deviation across all patients was 1758 AE 1654 for intestinal, 1059 AE 1331 for hysterectomy, and 848 AE 1338 for endovascular. As displayed in Figure 1 , average fluid balance varied widely between hospitals, from 703 to 2933 for intestinal, 462 to 1612 for hysterectomy, and À597 to 2459 for endovascular. Further, hospitals' fluid practices were significantly and positively correlated across operations (Pearson correlation coefficient: r ¼ 0.36 for intestinal vs endovascular, P ¼ 0.014; r ¼ 0.50 for intestinal vs hysterectomy, P < 0.001; r ¼ 0.54 for hysterectomy vs endovascular, P ¼ 0.0057).
Average fluid balances, according to patient characteristics, are displayed in Table 1 . For intestinal resections (Table 1A) , average normalized fluid balance was higher for patients who were younger, male, non-white, ASA 2 or 3, with fewer comorbidities, tobacco or alcohol users, and having surgery for inflammatory disease, rather than neoplasm. Findings for hysterectomy (Table 1B) were relatively similar, except that operations for malignancy had significantly higher fluid balance than those for other indications. For endovascular (Table 1C) , higher fluid balance was associated with age less than 75, fewer comorbidities, and tobacco use, but not with sex, race, body mass index, ASA class, or alcohol use.
Among patients who received intraoperative vasopressors, the average fluid balance was slightly higher for hysterectomy (1118 vs 1052 mL; P < 0.001), but was not significantly different for intestinal or endovascular operations. Epidural use was associated with higher intraoperative fluid balance for intestinal resections (1967 vs 1712 mL; P ¼ 0.03) and hysterectomy (1327 vs 1052 mL; P < 0.001), but not for endovascular operations. Epidural use was far less common among hysterectomy (2.8% of cases) and endovascular (1.0%) than intestinal resections (17.9%).
Unadjusted associations between hospitals' average fluid balance and procedural characteristics are shown in Table 2 . For intestinal resections (Table 2A) , normalized fluid balance was greater for pelvic operations, total colectomy, and abdominoperineal resections than for segmental abdominal resections, and somewhat greater for operations performed open or converted from minimally invasive to open. Fluid balance in hysterectomy (Table 2B ) was higher for abdominal approaches than vaginal hysterectomy, and was higher for longer operations. Among endovascular operations (Table 2C) , fluid balance was higher for aortic aneurysm repairs and for shorter duration operations. For all 3 procedures, operations with the greatest blood loss had the lowest fluid balance, suggesting that anesthesiologists were not compensating for blood loss with as much volume as the formula had predicted. Operations with longer duration had higher fluid balance for colectomy and hysterectomy, but lower fluid balance for endovascular; this is likely an artifact of the way we computed fluid balance, as operative duration is a variable in the formula. 
Hospital Characteristics and Practices
Stratifying hospitals by quartiles of average normalized fluid balance for each operation, we found no significant associations between teaching status, bed size, or sampled volume, and hospital rankings for fluid balance. Likewise, there was no difference between quartiles in the proportion of minimally invasive intestinal resections and hysterectomies, or the proportion of hysterectomies performed vaginally. These data are shown in Table 3 .
Association Between Intraoperative Fluid Practices and Postoperative Outcomes
Comparing risk-adjusted postoperative outcomes between quartiles of average fluid balance (Table 4) , there were few notable differences. Specifically, the rates of surgical site infection, pulmonary complications, unplanned intubation, venous thromboembolism, renal failure, cardiac arrhythmia, myocardial infarction, and sepsis did not differ consistently between hospitals with highest and lowest average fluid balance. We did find significantly greater rate of emergency department visits after intestinal resection in the lowest (11.2%) and highest (9.9%) fluid balance hospitals, compared with the middle quartiles (8.1% and 8.5%; P ¼ 0.003). Emergency department visit rates did not differ for the other 2 operations (P ¼ 0.30 for hysterectomy and P ¼ 0.95 for endovascular). Likewise, readmissions were higher among hysterectomies in the highest fluid volume quartile (4.8% vs 3.8% in the lowest quartile; P < 0.001), but not different for intestinal (P ¼ 0.38) or endovascular (P ¼ 0.08). Urinary tract infections, blood transfusions, and serious morbidity were also most common among the highest-volume quartile hospitals for hysterectomy, but there was no association for the other operations. Intensive care admissions were significantly more common in high-fluid balance hospitals for all 3 operations (all P < 0.001).
Postoperative length of stay, however, was significantly longer among the higher-volume quartiles for both intestinal resections and hysterectomy, as shown in Figure 2 . Among intestinal resections, risk-adjusted length of stay was nearly a day greater in the highest volume quartile than in the lowest quartile (6.51 vs 5.74 d, P < 0.001). For hysterectomy, the average length of stay and differences between quartiles were less, but the pattern was similar, with highest quartile hospitals averaging 1.9 days to discharge, versus 1.7 days in the lowest volume quartiles (P < 0.001). There was no statistically significant difference in length of stay among endovascular operations (P ¼ 0.69).
DISCUSSION
There is increasing interest in fast-track recovery protocols to reduce pLOS and improve the efficiency of care after major surgery. After abdominal operations, one of the most important drivers of length of stay in the absence of major postoperative complications is the occurrence of postop ileus, 1, 22, 28 which has been associated, in turn, with the volume of fluid administration during surgery. 18, 22 Thus, a common element of modern enhanced recovery protocols is the limitation of excessive intravenous fluid, and a focus on maintenance of normovolemia. 1, 10, 29, 30 However, in the absence of clinical guidelines to direct intraoperative fluid management, 15 it is unclear to what extent practices have changed in realworld practice.
In this context, we evaluated the volume of intravenous fluid administered during 3 widely varied major inpatient operations in a state-wide surgical quality collaborative. As hypothesized, we found wide variation between hospitals in fluid administration practices, even after normalizing measures, to account for the factors that commonly contribute to anesthetists' fluid management. Moreover, within an institution, these practices are correlated across 3 very different operations, suggesting that there are common institutional approaches to fluid administration that transcend surgical disciplines. And hospitals with the highest average fluid balance tended to have significantly longer pLOS after intestinal resections and hysterectomy, despite no consistent differences in postoperative complications. Even before considering the clinical outcomes, the wide variation between hospitals in average fluid balance is notable. There was some association between higher fluid balance and patientspecific characteristics such as younger age, lesser comorbidity, specific indications for surgery (inflammatory bowel disease among the intestinal resections and malignancy among the hysterectomies), and operative duration. Other studies that have focused on patientlevel variation in fluid administration may be subject to some confounding and selection bias due to such factors. In this study, however, we not only normalized fluid balance for the clinical features most commonly used to determine volume of resuscitation, but also adjusted for patient characteristics and looked at practices and outcomes at the institutional level, removing much of the patient comorbidity and severity of illness from the picture. Thus, the residual differences we observed represent unexplained, and likely unwarranted, variation in clinical care. As care standardization and pathway development have become increasingly important in operationalizing efficiency interventions, this residual variation is itself undesirable. Fortunately, because the tendency toward higher and lower volume resuscitation seems to be a hospital-level characteristic, there is real opportunity to standardize behavior at the hospital level if best practices can be identified and codified.
Our finding that higher volume fluid administration is associated with longer length of stay, in the absence of meaningful differences in adverse events, is consistent with the described association with postoperative ileus in both randomized trials 13, 18, 21 and observational studies. 22, 23 These previous analyses are potentially confounded at the patient level, however, by the association between adverse intraoperative events and greater fluid volume administration. Many common predictors of poor postoperative outcomes, including prolonged operative time, excessive blood loss, intraoperative hypotension, tachycardia, and others, [31] [32] [33] [34] [35] [36] [37] [38] are also potentially associated with excessive fluid administration. Thus, there may be confusion about whether fluid volume is a contributor to, or an effect of, the adverse event.
To overcome this limitation, which is inherent to patient-level analyses, we chose the hospital as our unit of analysis. By analyzing fluid administration at the hospital level, we gain information about the effect of a fluid-sparing approach to care, rather than simply comparing patients who receive different volume of fluid, for potentially important clinical reasons. Thus, the findings of this study may inform the development of more generalizable approaches to protocol development in perioperative medicine. Further, by evaluating practices by hospital, rather than the individual patient level, the reliability of measures is substantially more stable and less susceptible to confounding by indication and selection bias. 39 This study applied a novel metric to compare intraoperative fluid administration practices-normalized fluid balance. Most previous research has used total fluid administration or volume per hour as the exposure of interest. However, by integrating both the amount of fluid infused and the clinical features that contribute to most anesthetists' decisions about fluid volume, we potentially achieved a more clinically relevant comparison. Furthermore, because the measure is averaged over a hospital's sample, and used only in reference to comparisons with other hospitals, the specifics of the calculation could only impart bias if there were a systematic difference in the distribution of key components, which seems unlikely.
As with all observational studies on healthcare practices, there are limitations to our analysis. Although the MSQC data are clinically rich, we lack several key clinical details in this analysis. We did not account for the time of day of the operation, or the amount of time the patient remained without oral intake before surgery. We also did not assess postoperative fluid administration rates, which may vary widely between hospitals. We do not know which hospitals were employing scripted enhanced recovery protocols, using advanced hemodynamic monitoring, or regulating their intraoperative fluid use. Although we have posited ileus as a contributor to differences in postoperative recovery, we did not have ileus as a coded postoperative outcome in our dataset, as it is not collected in MSQC due to concerns about imprecision in definition and measurement. Finally, because the endovascular surgery cohort was far smaller than the other 2 operations, we may have lacked power to detect small differences in outcomes in this group. We included them anyway, because we sought to evaluate clinically nonoverlapping operations that were less likely to be performed by the same surgeon, and these 3 conditions were appropriate examples from within our collaborative. Nevertheless, this report, from a population-based, state-wide collaborative, offers a real-world assessment of intraoperative fluid management in current clinical practice. The membership of the MSQC is very diverse, including hospitals that are academic and community-based, large and small, urban and rural, some with surgeons who have broad general surgical practices and some with subspecialists. 40 Recognizing that there is immediate opportunity for standardization and optimization of perioperative care practices within our state-wide collaborative, we will use these findings to continue to improve perioperative care practices state-wide. These efforts will be aided substantially by the close relationship between MSQC and a recently launched state-wide anesthesiology collaborative, the Anesthesiology Performance Improvement and Reporting Exchange (ASPIRE).
In summary, this study finds that hospitals vary widely in their intraoperative fluid administration practices, and that their management is correlated across intestinal resections, hysterectomy, and abdominal endovascular surgery, procedures for which there is otherwise quite little clinical care overlap. For abdominal operations whose length of stay is driven by the occurrence of ileus, we find small, but consistent prolongation of pLOS, despite no meaningful difference in rates of adverse events. Although the differences we noted in length of stay are small, even very small reductions in length of stay are associated with substantial cost savings, and hospitals are highly motivated to optimize the efficiency of postoperative hospitalization. 41 The association between fluid volume and time to recovery may be causally related, as has been proposed in the enhanced recovery literature, or it may reflect a confluence of care protocols in hospitals that have promoted both limitation of intraoperative fluids and fast-track postoperative care protocols. Either way, these findings reveal systematic clinical care variation that can be evaluated and restructured to optimize the perioperative care protocols for these operations. Going forward, we will evaluate the specific care protocols, monitoring, and approaches to fluid administration in the hospitals with best perioperative care practices and outcomes within the collaborative.
